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The EW-νR model was constructed to provide a scenario in which right-handed neutrinos are
non-sterile and have masses proportional to the electroweak scale, providing an opportunity to
test the seesaw mechanism at the LHC. What was hidden in the model until recently is the chiral
symmetry which helps solve the strong CP problem by using it to rotate θQCD to zero. It turns out
the contribution from the electroweak sector to the effective θ¯ is proportional to the light neutrino
masses and is naturally small, satisfying the constraint coming from the present absence of the
neutron electric dipole moment, and without the need for an axion.
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I. INTRODUCTION
The non-perturbative QCD vacuum is very compli-
cated. ’t Hooft [1] has shown us that the proper gauge-
invariant vacuum to use is the so-called θ-vacuum:
|θ〉 =
∑
n
exp(−ınθ)|n〉 . (1)
where n is a ”winding number”. This induces an Effective
Lagrangian: Leff = LQCD+...+θQCD (g
2
3/32pi
2)Gµνa G˜
a
µν .
The last term is CP violating! What would be the prob-
lem with that extra CP-violating term? It turns out
that it contributes to the neutron electric dipole moment
in the form which was worked out almost four decades
ago by Crewther, Di Vecchia, Veneziano and Witten, [2]
namely
dn ≈ 5.2× 10
−16θe− cm , (2)
where more recent computations gave a lower value: 2.6
instead of 5.2. Experimentally [3], the constraint is
|dn| < 2.9× 10
−26e− cm . (3)
This leads to an upper bound on θ:
θ < 10−10 . (4)
Why θ should be so small is known as the strong CP
problem.
From Jackiw and Rebbi [4], we learned that, under a
U(1) chiral transformation exp(ıαQ˜5) (Q˜5 is the axial
charge), the θ-vacuum changes
exp(ıαQ˜5)|θ〉 = |θ + α〉 . (5)
If there is such a chiral symmetry, one can rotates θ =
θQCD to zero, namely exp(−ıθQCDQ˜5)|θQCD〉 = |0〉 since
all θ-vacua are now equivalent. Thee is no more CP vi-
olation in the strong interactions! This is part of the
Peccei-Quinn [5] solution to the strong CP problem. The
story is not so simple however. The diagonalization of the
quark mass matrices introduces a chiral U(1) transforma-
tion which further changes the θ-vacuum by an amount
ArgDetM so that, in total, one has
θ¯ = θQCD +ArgDetM . (6)
From Eq. (6), even if one finds a chiral symmetry to ro-
tate away θQCD, it does not guarantee that ArgDetM
can be small enough so as to satisfy the experimental
bound. Peccei and Quinn [5] proposed a famous solution
by introducing a spontaneously broken global symmetry
U(1)PQ which dynamically drives θ¯ to zero, upon the in-
troduction of a dynamical field, the axion [6]. This is
because, in general DetM can be complex and, in addi-
tion, the VEV of the scalar field that breaks U(1)PQ can,
in general, be large enough so as to violate the bound.
Experimental searches for the Axion (in particular
Beam dump: K+ → pi+a) turned out to be negative
which led to the development of the concept of an In-
visible axion [7]. Severe constraints on the Axion from
astrophysics although it is still considered to be a DM
candidate. Because the present absence of an evidence
for the axion, several axion-less scenarios were proposed
[8].
It turns out that the EW-νR model [9] has all the nec-
essary ingredients to provide a new solution to the strong
CP problem.
2II. THE EW-νR MODEL [9]: A BRIEF
SUMMARY
• It has the needed chiral symmetry to rotate away
θQCD.
• The VEV of the scalar field which breaks that ex-
tra chiral symmetry is proportional to the neutrino
mass and guarantees that ArgDetM is sufficiently
small so as to satisfy the bound on the neutron
electric dipole moment. In fact, ArgDetM → 0 as
mν → 0.
• There is no need for an axion.
What is the EW-νR model and what does it do?
The EW-scale νR model is a model in which νR’s are
NON-STERILE and have EW-scale masses. As a result,
they can be detected at the LHC and the seesaw mecha-
nism can be directly tested!
• It does not require a new gauge group: It’s the same
old SU(3)c × SU(2)W × U(1)Y ! (The subscript W
will be clarified below.)
• It requires: ( One starts out with one family for
simplification. One obtains similar results for 3
generations.)
– Fermions: SM: (qL, lL, uR, dR, eR); Mirror:
(qMR , l
M
R , u
M
L , d
M
L , e
M
L ). Here the letters q and
l stand for quark and lepton SU(2) doublets.
– Scalars: Doublets: Φ2, Φ2M ; Triplets: χ˜, ξ;
Singlet: φS .
– The model contains an additional global sym-
metry: U(1)SM×U(1)MF [9, 10], under which
the various fields transform as follows
U(1)SM :Φ2 → e
ıαSMΦ2 (7)
(qSML , l
SM
L )→ e
ıαSM (qSML , l
SM
L )
U(1)MF :Φ2M → e
ıαMFΦ2M (8)
(qMR , l
M
R )→ e
ıαMF (qMR , l
M
R )
φS → e
−ı(αMF−αSM )φS (9)
χ˜→ e2ıαMF χ˜
All other fields are singlets under U(1)SM ×
U(1)MF .
– The additional global symmetry: U(1)SM ×
U(1)MF is needed to prevent, at tree-level,
Yukawa couplings of the form: f¯LΦ2MfR,
f¯MR Φ2f
M
L , l
T
Lσ2χ˜lL. (This last one is forbid-
den if one does not want a large Majorana
mass for left-handed neutrinos.)
– Right-handed Majorana neutrino masses:
gM ν
T
R σ2 νRχ
0. With 〈χ0〉 = vM , one obtains
MR = gM vM (vM ∼ O(ΛEW )).
– Neutrino Dirac mass: LS = gSl l¯L φS l
M
R +H.c.
with 〈φS〉 = vS . One obtains mD = gSl vS .
– Seesaw: Light neutrino (mostly left-handed)
mass: mν ∼ m
2
D/MR; Heavy neutrino
(mostly right-handed) mass: MR. Numer-
ically, one expects mD ∼ O(100 keV ) and
MR ∼ O(ΛEW ).
– A few remarks are in order here. As one can
glimpse from the above discussion, the test of
the seesaw mechanism can be completely per-
formed at the LHC:MR through the discovery
of EW-scale right-handed neutrinos and mD
through the decays of mirror fermions into SM
fermions and the Higgs singlet φS (missing en-
ergy). I will briefly come back to this at the
end of the talk.
III. THE EW-νR MODEL’S PERSPECTIVE ON
THE STRONG CP PROBLEM
The Yukawa interactions of interest are
Lmass = guq¯LΦ˜2uR + gdq¯LΦ2dR (10)
+guM
¯qMRΦ˜2Mu
M
L + gdM
¯qMRΦ2Md
M
L +H.c.
Lmixing = gSq q¯LφS ¯qMR + gSuu¯
M
L φSuR (11)
+gSdd¯
M
L φSdR +H.c.
U(1)SM × U(1)MF contains the chiral symme-
tries U(1)A,SM × U(1)A,MF . The Yukawa interac-
tions are invariant under the chiral transformations
q → exp(ıαSMγ5)q; q
M → exp(ıαMF γ5)q
M ;φS →
exp(−ı(αSM + αMF ))φS . Under these chiral rotations:
θQCD → θQCD− (αSM +αMF ). and it can be rotated to
zero! This is like the first part of the Peccei-Quinn pro-
gram. We are now left with the question of what to do
with ArgDetM (actually θWeak = ArgDet(MuMd)). Is
it sufficiently small? This has been answered in [11] and
repeated here.
3The mass matrices (for one family) are given by:
Mu =
(
mu |gSq|vS exp(ıθq)
|gSu|vS exp(ıθu) Mu
)
, (12)
Md =
(
md |gSq|vS exp(ıθq)
|gSd|vS exp(ıθd) Md
)
. (13)
Straightforward calculations give:
θ¯ = θWeak ≈
−(ru sin(θq + θu) + rd sin(θq + θd))
1− ru cos(θq + θu)− rd sin(θq + θd)
,
(14)
where
ru =
|gSq||gSu|v
2
S
muMu
= (
|gSq||gSu|
g2Sl
)(
m2D
muMu
) , (15)
and
rd =
|gSq||gSd|v
2
S
mdMd
= (
|gSq||gSd|
g2Sl
)(
m2D
mdMd
) (16)
One can rewrite θWeak as
θWeak ≈ −(ru sin(θq + θu) + rd sin(θq + θd)) . (17)
With ru,d ∝ v
2
S ∝ m
2
D, θWeak → 0 as vS → 0 regard-
less of the CP-violating phases θq + θu,d. But mν ∼
m2D/MR 6= 0 and is tiny! One expects θWeak to be very
small also! We do not need to drive θWeak dynamically
to zero! This means that the strong CP problem, at
least within the perspective of the EW-νR model, can be
solved without the need for an axion.
Putting in some reasonable numbers, one gets
θWeak < −10
−8{(
|gSq||gSu|
g2Sl
) sin(θq+θu)+(
|gSq||gSd|
g2Sl
) sin(θq+θd)}
(18)
What are the implications of the above results and the
EW-scale νR model itself?
• The EW-scale νR model: (a) satisfies the EW-
precision data, e.g. positive contributions to S from
mirror fermions get cancelled by negative contribu-
tions from triplet scalars [12]; (b) Two very dis-
tinct scenarios Dr Jekyll and Mr Hyde that can
accommodate, in terms of signal strengths, the 125-
GeV scalar [10]; (c) Constraints from µ → eγ [13]
and µ2e conversion [14] imply gSl < 10
−4 which,
in turns, implies that decays of mirror leptons at
DISPLACED VERTICES!
• To satisfy θ¯ < 10−10, one requires |gSq| ∼ |gSu| ∼
|gSd| ∼ 0.1gSl which implies that decays of mirror
quarks occur at DISPLACED VERTICES!
• Another important collider implication: Like-sign
dileptons from νR decays occur at DISPLACED
VERTICES!.
• Other implications are under investigation. Gener-
alizations to the three-family case are being carried
out. One expects the main conclusions to be similar
to the one-family case
IV. CONCLUSIONS
What does the EW-scale νR model accomplish?
• Nielsen-Ninomiya theorem [15]: The SM cannot be
put on the lattice. It would be tough to investigate
the phase transition of the EW sector. The EW-
scale νR model evades the N-N theorem and one
can now study the phase transition on the lattice.
• The EW-scale νR model provides a test of the
seesaw mechanism at collider energies since νR’s
are now NON-STERILE and ”light”! Rich stud-
ies involving the search for the mirror sector at the
LHC with in particular characteristic signals such
as DISPLACED VERTICES underway.
• There seems to be a collusion between neutrino
physics and QCD to make Strong CP great again
without the need for an axion! Stay tune!
• Many of the topics discussed here are readily
testable at the LHC.
• Under investigation is the possibility that some
scalar such as φS could act as a dark matter.
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